A microplasma suitable for material processing at atmospheric pressure in argon and argon-oxygen mixtures is being studied here. The microplasma is ignited by a high voltage dc pulse and sustained by low power ͑1-5 W͒ at 450 MHz. the mechanisms responsible for sustaining the microplasma require a more detailed analysis, which will be the subject of further study. Here it is shown that the microplasma is in nonequilibrium and appears to be in glow mode. The effect of power and oxygen content is also analyzed in terms of gas temperature and electron temperature. Both the gas temperature and the electron temperature have been determined by spectral emission and for the latter a very simple method has been used based on a collisional-radiative model. It is observed that power coupling is affected by a combination of factors and that prediction and control of the energy flow are not always straightforward even for simple argon plasmas. Varying gas content concentration has shown that oxygen creates a preferential energy channel towards increasing the gas temperature. Overall the results have shown that combined multiple diagnostics are necessary to understand plasma characteristics and that spectral emission can represent a valuable tool for tailoring microplasma to specific processing requirements.
I. INTRODUCTION
A general trend in miniaturization has characterized many of the past decades of scientific progress and, for instance, in material science a nanoscale environment is routinely studied. In plasma science the miniaturized version of the widely used technological plasmas has interested scientists for some time and has found steadily application in plasma display technology for many years. 1, 2 Nevertheless only in the last decade researchers have increasingly studied microscale plasma in a wider sense, probably due to a growing belief in the potential applications. 3, 4 Microplasmas are now being considered in many and different fields including material processing, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] gas treatment, 16 light sources, 17 propulsion, 18 analytical chemistry, [19] [20] [21] [22] [23] [24] photonics, 25, 26 and medical applications. 27, 28 Moreover the basic scientific interest is growing stronger as microplasma characteristics are unfolded and recognized to be different from the larger parents. 26, 29 In this scenario a noninvasive diagnostic technique such as emission spectroscopy becomes a very powerful tool. 30 In this contribution a particular plasma configuration suitable for processing of nanostructured materials is reported and optical emission spectroscopy is used to evaluate the gas temperature and the electron temperature. Both the gas temperature and the electron temperature play a fundamental role in the evaluation of the microplasma characteristics. Diagnostic techniques for microplasmas are still limited and, in particular, for the electron temperature a simple method based on optical emission can be extremely practical considering the difficulties presented by other techniques ͑e.g., Langmuir probe and Thomson scattering͒. The plasma is formed from a mixture of argon and oxygen in a microdiameter capillary. Argon-oxygen plasmas are widely used in material processing and the effect of oxygen on the plasma parameters is still an intriguing topic of research. 31, 32 The system configuration used here is partly new and utilizes power at 450 MHz in atmospheric pressure. The plasma produced with this configuration is at least 1 mm long with a cross section of less than 0.2 mm in diameter and for this reason it is classified as a microplasma. The investigation overall aims to better understand the effect of power, gas flow, and oxygen relative content so that this microplasma technique could be better exploited for material processing of nanostructures.
II. EXPERIMENTAL SETUP AND MICROPLASMA APPEARANCE

A. Description of the experimental arrangement
The full experimental setup can be seen in Fig. 1 . An ultrahigh frequency ͑UHF, 450 MHz͒ power supply is connected through a matching network to a small copper tube, about 7 mm long and with a 2 mm external diameter ͑0.15 mm thickness͒. The copper tube is then placed around a quartz glass capillary of 0.7 mm internal diameter ͑0.15 mm thickness͒ where the gas mixture is injected at a variable flow rate. Inside the quartz capillary, a metal wire is also present which is inserted down to 1 mm distance from the copper cylinder. The visible plasma column is therefore 1 mm long. The wire used for this study is a titanium 0.3 mm diameter wire, which is also connected to a dc high voltage ͑HV͒ power supply. Plasma emission is collected by an optical fiber at about 3 cm distance from the microplasma. The fiber is connected to a wavelength calibrated HR2000 Ocean Optic spectrometer. The spectrometer has been calibrated with a certified tungsten lamp to produce corrected relative intensities. The spectrometer spectral broadening has been measured with a helium-cadmium laser and resulted to be about 1 nm full width at 1 / e of the maximum. Exposure time for the emission spectra was 100 ms and the average value over ten consecutive spectra was taken ͑wavelength range from about 250 to 1000 nm͒. In order for the temperature measurements to be valid, the properties to be analyzed have to be assumed constant in the plasma volume where the emission originates and within the acquisition time frame. This assumption is probably justified for the gas temperature, while regarding the validity for the electron temperature measurements a more detailed discussion is given in one of the following sections.
B. Experimental procedure
For all the results presented here, the plasma is generated in the following steps. First the gas bottle is opened and the flow is run for several minutes at the desired settings ͓10, 15, or 20 SCCM ͑SCCM denotes cubic centimeter per minute at STP͔͒. Premixed gas bottles supply the gas mixture of argon and O 2 ͑0%, 0.02%, 0.2%, or 0.5% of O 2 ͒. The power from the 450 MHz power supply is then set to 20 W. A pulse of about 5 kV is applied to the Ti wire, which ignites the plasma and immediately the UHF power is reduced to the desired power setting to sustain the plasma ͑1, 3, or 5 W͒.
C. Possible ignition mechanism and plasma appearance
The microplasma is therefore ignited via dc discharge from the titanium wire within the capillary and then is sustained by the UHF power coupled through the copper tube. The high voltage discharge is believed to generate initial free electrons and probably contribute to an initial heating of all the system components. The titanium wire is likely to behave as an electron emitter under the combined effect of the electromagnetic field generated by the copper tube, by the bombardment of ions/energized atoms, and partly enhanced by an overall increased temperature.
After ignition and after the UHF power is reduced to the desired output, the microplasma stabilizes immediately. The power required to sustain the microplasma is very low, below 1 W, while at power above 10 W the temperature tends to increase drastically leading to instabilities, capillary damage, and extinction. It has to be noticed that the titanium wire is not grounded but remains connected to the HV dc power supply even after the high voltage pulse ignition. Complete disconnection of the wire leaving it floating did not cause any noticeable change to the plasma state, observed by the naked eye.
The appearance of the microplasma is a diffuse luminous glow column ͑visible for 1 mm in length͒ that expands from the tip of the titanium wire and disappears in the copper cylinder within the capillary ͑Fig. 2͒. Varying the control parameters ͑UHF power, oxygen content, and flow rate͒, the diameter of the plasma column varies between 0.13 to 0.2 mm; also the characteristic color is different. At certain settings of power, flow, and oxygen content outside of the ranges studied here, the microplasma column exhibits self-organized patterns similar to striations ͑Fig. 3͒. Depending on the settings, the microplasma may envelope the titanium wire with a very reproducible pattern ͑Fig. 4͒. In general the wire surface area that is surrounded by the plasma increases with increasing power, and decreases with increasing O 2 content but does not vary with flow rate.
III. METHODS USED TO DETERMINE GAS TEMPERATURE AND ELECTRON TEMPERATURE
A. Gas temperature
As already mentioned the gas mixture used is argon with different concentrations of oxygen; nevertheless the emission from the second positive system of nitrogen is observed between 330 and 400 nm. This is a common result observed in discharges with nitrogen impurities ͑Fig. 5͒. The presence of the OH emission band ͑A 2 ͚, =0→ X 2 ⌸, Ј =0͒ between 306 and 309 nm is also quite frequent and is likely to originate from water vapor in the feed channels and in the capillary. 17 This OH emission band has been very consistent in all experiments carried out ͑Fig. 5͒.
Both emissions from N 2 and OH are suitable for gas temperature measurements. 17, 30, [33] [34] [35] [36] [37] [38] [39] Unfortunately, in our measurements, nitrogen emission is often weak and seems to be affected by some other emission line; we suspect titanium emission lines which are present in the same spectral range and that might originate from etching of titanium atoms from the wire surface. [40] [41] [42] Therefore, the OH band has been chosen for gas temperature measurements.
Comparing synthetic spectra with experimental spectra the gas temperature could be computed by minimizing the error between the two spectra. The method has been described in detail and validated elsewhere 36, 38 and relies on the assumption that rotational relaxation is much faster than vibrational and electronic transitions. The results are quite sensitive to the instrumental broadening parameter used for the computation of the synthetic spectra. In addition to the helium-cadmium laser, spectral broadening has been measured from atomic argon lines, providing a broadening value that depends on the wavelength. As a result, within the spectral range of the OH band, a linewidth from 1.025 to 1.019 nm at 1 / e of the maximum has been used. To further confirm our results we have also calculated gas temperature with different values for the linewidths. Some small variations in the absolute values of the temperature could be noticed; nevertheless the general trends have been confirmed in all cases.
B. Electron temperature
An interpretation of temperature in a strict thermodynamic sense is not possible for nonequilibrium plasmas; therefore temperatures have to be defined for different groups of particles. At the same time it is often the case that for electrons, which are of utmost importance in plasmas and discharges, the energy distribution does not follow a Maxwellian behavior in which case the temperature parameter has to be considered carefully.
There are three different trends in the interpretation of the electron temperature and generally accepted in the literature: ͑1͒ when the energy distribution is known to be Maxwellian we have a temperature in real Maxwellian sense, i.e., a Maxwellian electron temperature; ͑2͒ if no assumptions can be made on the particular electron distribution but an average electron energy is available then the electron temperature can be related to an equivalent Maxwellian distribution by the relation T e = ͑2/3͒͗͘ ͑where ͗͘ is the average electron energy and T e is the electron temperature͒, 43 in which case we would obtain an equivalent electron temperature; ͑3͒ finally, if other experimental evidence is available ͑such as spectral emission͒, which allows to model the results with a Maxwellian distribution, [44] [45] [46] [47] we would obtain an effective electron temperature.
The importance of the electron energy in material processing originates from the necessity to evaluate and predict the ability of nonequilibrium plasmas ͑and of the electrons͒ to produce radicals and promote specific reactions. An accurate measurement of the complete electron energy distribution function ͑EEDF͒ is certainly useful; nevertheless mea- surement techniques to obtain the EEDF can be difficult to implement. The use of the electron temperature parameters as described above is therefore extremely advantageous and practical to assess relative behavior of a plasma system.
In this work we do not have supportive experimental evidence to state that electrons assume a Maxwellian distribution and microplasmas can present rather peculiar characteristics. 26, 29 In lower pressure microplasmas, typical deviations from a Maxwellian distribution are observed in the form of a high-energy tail or an energetic electron beam. 48 These deviations are most likely the consequence of run-away phenomena and forward scattering collisions, due to characteristic short lengths and high intensity fields present in microplasmas. Nevertheless the chemistry of the plasma environment is mostly determined in the lower energy range where reaction cross sections tend to be much larger so that energetic electrons can be viewed as loss processes which mainly affect the electron density rather than the temperature of slower electrons. At atmospheric pressure, electrons tend to assume a Maxwellian distribution and this has been observed even for microplasmas. 49 Therefore the use of a Maxwellian distribution can still be justified to understand and/or satisfactorily model microplasma behavior. In our case an effective temperature is considered and is determined from spectral emission data.
In order to determine an effective electron temperature ͑from now on simply referred as the electron temperature or T e ͒, a very simple collisional-radiative model for argon excited levels is used. A more detailed discussion of the model and the derivation of the temperature is discussed elsewhere. 50 The model assumes that population of four of the 4p levels of argon is dominated by electron excitation kinetics, and spontaneous radiative decay is assumed to be the sole cause for the deexcitation from such excited energy levels. Here the 2p 2 , 2p 3 , 2p 6 , and 2p 10 levels ͑in Paschen notation͒ have been chosen. It is important to underline the fact that the model is self-consistent and the description of the population and depopulation processes of only the four selected 4p levels is required.
Here, it is also necessary to clarify why other processes can be neglected. It is common understanding that with increasing pressure, the contribution from neutrals in the excitation to 4p levels increases. Nevertheless this is generally true only if the difference between electron temperature and gas temperature is drastically reduced. In nonequilibrium plasmas, where the electron temperature is still considerably higher than the gas temperature, the contribution of neutrals can still be neglected. 51 Furthermore it is now accepted that atmospheric microplasmas maintain the nonequilibrium characteristic. 27, 28 All this supports the fact that electron excitation can still be dominant for an atmospheric microplasma.
The cascading contribution from higher-energy levels is also quite low as electron energy distribution generally decreases with increasing energy and this is confirmed by low emission lines from the higher 3d and 5s levels. In our observations, among all levels above 4p, only emission originating from the 5p has been measured, but from these levels the only possible transitions are to populate the 4s levels.
And with no surprise the 5p levels are subject of excitation from metastable which justifies the high population despite a higher energy if compared with 3d and 5s.
Other processes such as three-body recombination, radiative recombination, and stepwise excitation ͑excluding excitation from metastable͒ can all be assumed to be of minor importance due to the combined effect of a low electron density, a low ion density, and a short lifetime for the 4p excited levels ͑22-39 ns͒. 52 Finally, the effect of radiation trapping should be commented as in atmospheric pressure could influence the recorded emission. However, it should be reminded that in this study the microplasma has a very small radius, less than 0.1 mm, which can be considered relatively small allowing for radiation to escape the plasma volume. Moreover, radiation trapping can occur for emission from levels higher than the 4p or for radiation from 4p levels to metastable levels. In the latter case reabsorption is very weak and therefore radiation trapping can be considered negligible. 45 In the first case, due to the self-consistency of the set of the model equations ͑see below͒ and the fact that radiation from higher levels to 4p levels was not observed, optical thinness can be assumed all together.
In this scenario the balance mass conservation equation for each of the four energy levels can be written in the following simple way:
and rewriting Eq. ͑1͒ for each of the 4p levels considered and rearranging for n e we obtain
,
, where n indicates the number density, k x,y is the rate coefficient for the excitation from level x to level y, and A y,x is the transition probability from level y to level x. The subscript g stands for ground level, e for electrons, and 1s x and 2p x are the Paschen notations for each 3p and 4p energy level, respectively. The first and second terms in Eq. ͑1͒ represent, respectively, excitation by electron collision from the ground level and from the two metastable levels ͑1s 3 and 1s 5 in Paschen notation͒. Radiative decay from the 4p levels is only allowed to the four 4s levels, i.e., the two resonant levels ͑1s 2 and 1s 4 in Paschen notation͒ and the two metastable levels ͑1s 3 and 1s 5 in Paschen notation͒, which is represented by the sum on the right hand side. Equation ͑2͒, coupled two by two, provides a system of two equations and therefore can be solved for the two metastable densities n 1s3 and n 1s5 . The expressions for n 1s3 and n 1s5 found in this way can then be replaced in the same equations. At this point, in Eq. ͑2͒, n g and A y,x are known terms, where the first can be deduced from the pressure. The excited state density n 2px is then determined from experimental emission intensities according to
where C represents a proportionality constant as the spectrometer has been calibrated only to provide correct relative intensities; I x,y is the measured relative intensity, and x,y the corresponding wavelength. Finally, the rate coefficients found in Eq. ͑2͒ can be calculated numerically according to
where is the corresponding excitation cross section, is the energy, m e is the electron mass, f M is the Maxwellian probability function ͑or the normalized energy distribution͒, and the term i represents the discretized values for the energy. By assuming a Maxwellian distribution, the only unknown parameter in Eq. ͑4͒ and consequently in Eq. ͑2͒ remains the effective electron temperature T e , so that this can be used as a fitting parameter to produce the same electron density value of n e in all four equations of Eq. ͑2͒. In practice only two equations need to be fitted as Eq. ͑2͒ was already coupled two by two to determine metastable densities. Also, due to the constant C in Eq. ͑3͒, the electron density n e to be matched represents a relative electron density ͑n e / C͒ and not an absolute value. This procedure has therefore been applied to determine T e at different conditions of the microplasma settings and results are discussed in the following sections.
With the same calculations just described, metastable state density of argon is also obtained; nevertheless these will not be discussed within this report. As a general observation, metastable density of each level has varied in the range between 10 18 and 10 21 m −3 and has increased when electron temperature was increasing and vice versa. The range of metastable density is in agreement with generally observed densities in ionized gas applications ͑around 10 
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Few last comments should be added with regard to the calculation of the number densities in Eq. ͑3͒ and the rate coefficient in Eq. ͑4͒. For each one of the four 4p levels that have been selected ͑2p 2 , 2p 3 , 2p 6 , and 2p 10 in Paschen notation͒ more than one radiative path is possible with corresponding emission line. Table I shows the emission lines used for the calculations and transition probabilities used in Eq. ͑3͒; 55 for each energy level listed the number density of Eq. ͑3͒ has been calculated using separately each one of the available emission lines and then averaged. The corresponding standard deviation of these measurements was generally around or below 10% of the average value, although in few cases reached 19%.
Concerning the calculation of the rate coefficient in Eq. ͑4͒, cross section data for electron collision excitation from ground state are readily available and numerous. 52, [56] [57] [58] [59] Nevertheless there are few data relative to excitation from the metastable levels. 53, 58, 60, 61 In our calculation, to keep consistency of the cross section data, the theoretical cross sections reported from the same group have been used.
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IV. RESULTS AND DISCUSSION
A. Introduction to experimental results
Gas temperature and electron temperature have been determined for a range of different settings to evaluate the effect of power, oxygen content, and flow rate on the two temperature parameters. All results reported here are average values of at least nine different measurements. Standard deviations varied from 12% down to 2% of the average value. It has been noticed that measurements presented a small drift, which has been the main cause of the higher standard deviations. This can be probably be ascribed to wire surface degradation. Nevertheless the trend of all measurement has been preserved for all conditions.
B. Effect of flow rate
Flow rate was varied between 10 and 20 SCCM with no appreciable difference in both gas temperature and electron temperature ͑therefore not shown here͒. Likely, the relatively low flow rate variation neither introduced noticeable differences in the pressure within the quartz vessel nor contributed effectively to change the rate of particle loss processes. In the future, more investigations will be performed at higher flow rates as they become interesting for the specific material processing application.
C. Effect of power
The effect of power is shown in Fig. 6 for a pure argon microplasma. The sustaining UHF power was set at 1, 3, and 5 W while flow rate was constant at 20 SCCM. The effect of higher power on gas temperature may seem quite obvious, as the input of more power would correspond to more energy in the plasma system. Nevertheless the reading of the electron temperature makes the overall interpretation less immediate. It has to be noticed that when the power was increased, the plasma envelope around the titanium wire was also increased, i.e., increasing the power the plasma was covering more and more of the wire length ͑see Fig. 4͒ . So that the overall surface area available for electron emission from the wire was increased and also field lines were increased in length.
The extension of the plasma can be justified by a stronger electric field being able to break down the gas in more remote wire positions farther from the copper tube. Once the plasma is formed, the electric field is redistributed consistently with the distribution of the charges. In this process several phenomena should be considered. The field in the plasma volume with exclusion of boundary zones is probably weakened due to longer field path and higher electron density; as a consequence energy exchanged between the field and the charged particles is also weakened. A decreasing electron temperature, as observed in Fig. 6 , is therefore justified and would not drastically affect the ionization efficiency by electron collisions at high electron energies. It follows that overall, electron temperature is reduced but the ionization rate is increased by a larger source of electrons at the wire surface, which then leads to an increased ion density.
Ultimately, energy transfer from ions to neutral argon atoms is the controlling factor for the gas temperature, as electrons are incapable of transferring momentum to the much heavier neutral atoms. Obviously diffusion and heat exchange with surrounding walls play a major role, but for this analysis these conditions are unchanged. Argon atoms in metastable states could also contribute to gas heating; nevertheless these are much more sensitive to a decreasing electron temperature.
In summary, as the UHF power is increased, electron temperature is reduced, but the ionization rate is enhanced by a larger fraction of electrons supplied by a larger surface area at the wire. An increased density of argon ions then increases the gas temperature. It is therefore shown that increasing power does not always lead to an enhanced electron activity to produce a more reactive environment. In this specific case the microplasma volume and surface contact walls have played an important role in channeling energy into an overall gas heating.
D. Effect of oxygen content
Here we have studied the microplasma sustained by 5 W UHF power in 20 SCCM flowing argon with different concentrations of added oxygen. The presence of oxygen makes all plasma processes rather complex, even in a simple binary gas mixture with inert argon. 32, [62] [63] [64] [65] A full understanding requires a detailed spectral analysis with a more sensitive and better resolution spectrometer; here the aim is to highlight some characteristics and provide a qualitative evaluation.
The electron temperature is observed to decrease sharply with little O 2 added ͑Fig. 7͒. Introduction of oxygen in the gas mixture certainly contributes to energy losses for electrons; the number of excitation, ionization, and dissociation processes is quite large and many of the processes that involve atomic and/or molecular oxygen require relatively low activation energies ͑4.5 up to 14.7 eV͒. 62 These all contribute to lower the electron temperature with just little oxygen introduced.
Due to the electron-induced processes with oxygen, less electron energy is available for ionization and generation of argon ions. It follows that argon ions are likely to have reduced densities when oxygen is introduced and cannot be considered responsible for an increase in gas temperature in this case. Nevertheless, electron collisions with oxygen efficiently promote a variety of positive and negative ions electron density, and contribute to channel energy into heating the gas all at the same time. Also, some exothermic oxidation processes with titanium atoms may have contributed to increasing gas temperature. The characteristic properties of oxygen and its electronegativity seem to be responsible for transferring energy from electrons to an overall increased gas temperature.
V. CONCLUSIONS
A low-power microplasma configuration is presented and its appearance is analyzed. The ignition and maintenance of the microplasma are not fully understood in all its contributing factors and will be the subject of future work. Nevertheless, considering the ultrahigh frequency employed and the observed behavior, this microplasma does present interesting aspects. Also, it is shown that the microplasma is in nonequilibrium and it can be easily sustained in atmospheric plasma glow discharge ͑APGD͒ mode with different gas mixtures of argon and oxygen.
Gas temperature has been determined with an established spectroscopy technique and compared with the electron temperature calculated using an analytical solution of a simple collisional-radiative model. The model requires few assumptions such as a Maxwell distribution of energies for electrons but it allows easy computation of the electron temperature and argon metastable densities. Some future work is also directed in providing a technique to determine the true electron energy distribution. The results have confirmed that at atmospheric pressure this microplasma is in nonequilibrium.
Gas temperature and electron temperature changes have been analyzed when power, flow, and oxygen content have been varied. The latter parameter, i.e., oxygen concentration, is of particular importance for many applications. Application of this atmospheric microplasma to material processing depends on the ability to control gas temperature providing a desired processing environment and at the same time, control over the electron energy is necessary to supply radicals. Results have revealed that on one side gas temperature is easily increased. On the other side tailoring of a reactive environment requires expert control and monitoring of a combination of factors ͑e.g., gas and electron temperatures, electron density, gas composition, etc.͒.
This work has highlighted the close relation of the plasma parameters and that a combined set of diagnostics can be extremely valuable in understanding plasma processes. Emission spectroscopy contains a large amount of information and combined with simple computational techniques; multiple diagnostics are possible with the same set of experimental data. Further development of spectral analysis can become extremely useful for microplasmas, where diagnostic techniques and relative results are still limited.
